Levees are not usually built to a uniform height due to the varying priority of protecting urban and agricultural lands and they are often maintained in segments. Ad hoc alteration of the heights of these segments may aggravate flood conditions. Alterations lead to complex feedback loops in velocity and depth of water that are difficult to predict. A large number of possible configurations of the levee segments renders a deterministic modelling approach ineffective. The current analysis, based on a two-dimensional hydrodynamic model involving 1000 Monte Carlo realizations of randomly varying levee heights in segments, presents a methodology of dealing with the effect of uncertainty in levee heights on the inundation pattern in a probabilistic framework. Spatially distributed model outcomes include the likelihood of inundation, range and standard deviation of flood depths and maximum speed of water. The results indicate the necessity of adopting a probabilistic approach for robust flood hazard assessment when dealing with levee segments with uncertain heights.
Introduction
Increasing population densities in flood-prone areas have exposed a growing amount of life and property to the risk of flooding globally (Jongman et al. 2012 ). This trend is also typical in developing parts of the world, such as Africa (Di Baldassarre et al. 2010) and Bangladesh (Rasid and Paul 1987) . Artificial levees or embankments are the most common form of structure put in place to protect settlements in floodplains. Increases in flood stage for constant discharge conditions over the past few decades have been noted for the Mississippi River (Criss and Shock 2001 , Pinter et al. 2001 , Jemberie et al. 2008 ) and most of the researches attributed this phenomenon largely to river management practices such as levee construction and extensive channelization. Di Baldassarre et al. (2009) reported a strong relationship between the length of the levee system in the Po River basin, Italy, and a corresponding increase in water depth for major flood events in the last century. Possible causes of this relationship include a significant reduction in the width of the floodplain open to the passage of flood flows and an enhanced backwater effect that slows the water down, resulting in the increase of water depth (Heine and Pinter 2012) . Dierauer et al. (2012) proposed embankment setbacks as an alternative to increasing the heights of existing levees for reducing flood losses caused by large flooding events. Levee heights are commonly perceived as protection against design floods of a certain return period without consideration that the event will occur at a higher stage with the levee in place (Wolff 2008) .
Early flood levees primarily depended on a few observed high flood levels. Levee construction involves large investment and its consequences on the surrounding physical and socioeconomic environment are mostly irreversible. Hence, thorough examination is required during the planning stage. Conventional engineering practices envisage that raising the height of levees above a certain level will protect the adjacent floodplain from inundation. The decision regarding the alignment, spacing and height of levees depends on number of factors, such as the desired area for which a protective measure is to be provided, availability of construction resources (earth material, human labour) and also the availability of land (Dixit 2009 ). Increasing the levee height is often considered an emergency or short-term measure in proposed flood control plans (Dutta et al. 2006) . Raising the height of levees leads to greater flood-induced losses if a failure occurs (Vis et al. 2003) . Higher levees create a false sense of safety among the local population and indirectly promote investment in the flood-risk zones.
Assuming static hydraulic conditions over a period of time, the location and height of a levee system are the key issues in its design and modification (Zhu and Lund 2009) . Poor placement has three main hydrological consequences: (a) accumulation of water upstream of the protected reach and increase in flood stage at the vicinity; (b) high level of water in the confined section of the reach, putting considerable pressure on the structure itself; and (c) exacerbation of flooding problems at the downstream area due to acceleration of water through the embankments (Tobin 1995) . In addition to the placement, increasing the height of levees without proper investigation often causes more damage. Numerical modelling suggests that increasing the height of levees may enable local flood control, but often results in higher discharge downstream leading to levee failure with disastrous consequences (Di Baldassarre et al. 2009 ). Hydraulic models in conjunction with economic considerations have been applied to investigate the role of levee heights in flood mitigation, but in a deterministic manner (Julien et al. 2010, Meunier and Merwade 2014) .
Elements of uncertainty in several hydrological and hydraulic parameters, which require consideration in designing an optimal risk-based levee system, have been identified by Tung and Mays (1981) . These authors proposed an optimum levee design based on discrete differential dynamic programming methodology. The uncertainty surrounding the prediction of levee breach location (Vorogushyn et al. 2010 ) and the timing of the breach (Vorogushyn et al. 2012) are also important sources of uncertainty. Domeneghetti et al. (2013) explicitly considered the uncertainty of geometrical parameter estimation for dykes as well as the final width and development time of levee breaches within a broad framework of evaluating the impact of uncertain boundary conditions in flood hazard mapping. Scenario-based studies of the changes of flood stage due to changes in channel geometry, roughness and expansion of the levee system have been attempted for the Mississippi River (Remo et al. 2009 ). Haddad et al. (2015) used the genetic algorithm to optimize the location and height of levees with the aim of reducing the overall flood damage. Remo et al. (2012) created different scenarios by using the current configuration of levees, complete removal of the levee system, and removing only the agricultural levees in the Mississippi River and assessed the possible damages for 100-and 500-year floods.
Typically, one-dimensional (1D) hydraulic models were used to determine the effect of levees on depth of inundation in a floodplain. However, 1D models use the floodplain component only for storage of flood water, while field measurements indicate that 80-90% of the flow can pass through the floodplain (Silva et al. 2001 ). In addition, previous studies considered changes in the levee system, be it the height or the location, in its entirety for developing inundation scenarios. No attempt has been made to predict the inundation pattern that would have resulted due to alteration of levee heights or their removal at different segments which is a more likely possibility for a long river reach. As water level varies at different points on a river, a uniform design for the entire stretch of a levee may not be reliable (Huang et al. 2015) . Hence, our prediction capability can be improved further by considering changes of levees in multiple segments in a fully two-dimensional hydrodynamic modelling framework.
Mainly due to lack of resources, levee construction in flood-prone reaches is typically not carried out to the perceived safe height. Due to the increasing cost associated with raising the levee height, any levee taller than 10 m is considered uneconomic from an engineering point of view (Garde and Ranga Raju 2000) . Commonly, some parts of a river reach are left completely unprotected, for other parts a levee is constructed on one bank, and for densely populated areas both banks of a reach are protected by levees. These levee segments are often of varying heights.
Commonly, the entire flood-prone reach of a river is subdivided into number of manageable segments. In this situation, determining the effective height for each segment, either on both banks or at any one bank, becomes a challenging task. The channel conveyance at each segment changes with the height of the levee, which in turn determines the velocity and depth of flow in the channel and over the floodplain. Varying levee heights on either bank create a complex feedback loop of enhanced and reduced water pressure, depth and velocity in the channel flow. Uncertainty in the depth and velocity of channel flow has a direct relationship to the ensuing floodplain flow or inundation scenario. Large numbers of levee segments with varying heights lead to numerous possible hydraulic scenarios. Clearly, predicting the resulting inundation pattern in a deterministic framework would be neither practical nor appropriate. Hence, there is a need to assess the consequences of altering levee heights in a piecemeal manner on the overall state of the flood hazard from a probabilistic point of view. Modelling the impact of levee heights has not been attempted from this perspective and this is the key novel aspect of this study.
It is essential for planning authorities to evaluate the sensitivity of altering/raising levee heights of different segments. We need a thorough understanding of the consequent changes in the flood pattern of the entire flood-prone zone. Thus, it is essential to develop a large number of inundation scenarios involving random variation of levee heights in multiple segments of a reach. The objectives of this study are (1) to assess how the spatial distribution of flood depth is sensitive to levee heights that vary randomly in numerous segments, and (2) to examine the effect of the crest height variation for an individual levee segment on the variation of water depth of each inundated cell in the model.
Study area
The Damodar River is one of the major tributaries of the Bhagirathi-Hoogly River, which is one of the two major branches of the Ganges in India. The Damodar is a heavily controlled and flood-prone river primarily due to its funnel-shaped valley (Fig. 1) . The hilly upper catchment constitutes 80% of the basin while the remaining 20% lies in the flat and fertile floodplain where the discharge from the upper catchment concentrates (Choudhury 2011) . The flood-prone Lower Damodar River basin was chosen as the study area for this investigation. Hydrodynamic modelling was carried out on the Mundeswari River basin, which is the major distributary of the Lower Damodar basin. This area experiences frequent and widespread overbank flow, breaching and overtopping of levees. Inadequate capacity of the channel due to heavy siltation is primarily responsible for frequent flood events (Basu and Parmer 1996) . The main channel of the Mundeswari River is protected by embankments on both sides, with occasional gaps. The Mundeswari River is anabranching in nature with numerous loops and river islands. The area is densely populated, mainly by agrarian communities for whom paddy and potato cultivation are the main sources of livelihood.
Materials and methods

Model set-up and calibration
A DEM of 10 m resolution created from IRS Cartosat-1 stereo images, surveyed channel cross-sections and SRTM DEM was used as the terrain input. The narrow strips of the embankments were specially captured by differential GPS survey and incorporated in the DEM used as the initial terrain condition. The finite element mesh was configured accordingly to have denser node spacing in the area of such narrow raised terrain. A three-dimensional representation of the terrain data and the finite element mesh for part of the river island at the central portion of the study area is shown in Figure 2 , as an example.
A fully two-dimensional finite element hydrodynamic model named TELEMAC2D was used to perform the inundation modelling. In TELEMAC2D, depth-averaged free surface flow is obtained by solving the Navier-Stokes equations. A detailed mathematical description of the model can be found in Hervouet and Van Haren (1996) . The model uses an unstructured finite element mesh to find the solution of the Navier-Stokes equations. The finite element mesh was generated using Blue Kenue software for the model domain having roughly equilateral elements and a gradual transition between larger and smaller elements, with the aim of minimizing the mass balance error and maintaining model stability. The hydrograph observed at Harinkhola gauging station ( Band 1 and Band 2 of a MODIS image acquired on 26 September 2006 during the peak of the flood were used to derive the observed flood extent. The timing of the satellite overpass relative to the inflow hydrograph is shown in Figure 3 . The spectral resolution of Band 2 (841-876 nm) is known to have very low reflectance for water (Brakenridge and Anderson 2006) and a NDVI image (Band 2 − Band 1/Band 2 + Band 1) was generated to exploit this property for extracting inundated surfaces. This map of the actual extent of inundation served as the observed data for model calibration. Sanyal et al. (2014a) used identical mesh configuration, terrain and hydrological data for evaluating the performance of this model set-up in the current study area. The reported range of Manning's roughness coefficient used in this study for model calibration (n = 0.024-0.038 for the channel and n = 0.030-0.038 for the floodplain) was applied for calibrating this model. A uniform n value for the entire channel and another for the floodplain were used. A performance measure index (D) was used, which is presented as: Figure 1 . Location of the study area; the right panel shows the 13 embankment segments used for simulation.
where A is the number of pixels correctly modelled as flooded, B is the number of pixels correctly modelled as non-flooded, and C is the total number of pixels in the model domain. The highest D value (73.4%) was achieved with a value of n = 0.037 for the channel and n = 0.038 for the floodplain. A description regarding the validation of an identical model with the same model geometry as the current one can also be found in Sanyal et al. (2014a) . The authors used an October 2009 flood event captured by an Indian Remote Sensing Satellite (IRS) Resourcesat-1 overpass to derive the observed flood extent. The D value for the validation was 68.3%. Readers may also see Sanyal et al. (2014b) for an in-depth description of uncertainty assessment of the same model.
Generation of flooding scenarios with varying levee heights
The banks of the Mundeswari River and its branches were subdivided into 14 segments in the model. Most of these segments are protected by existing levees. These segments were conceived on the basis of a field visit to the study area, with due consideration given to the perception of flood risk among the local population, heights of the existing levees, channel morphology and locations of past levee breaches. The levee crest heights of all segments were varied randomly by altering the heights of the finite element nodes falling on the alignments of the existing levees within a range of ±1.4 m. While drawing the random numbers, an interval of 0.2 was used to ensure representation of the entire modification range within the 1000 proposed scenarios. One thousand such model geometries were created using Matlab. The automation process is explained in Figure 4 .
The process of creating ModE1 (Fig. 4) (Fig. 4) characterized by row numbers corresponding to the original finite element node numbers of the levee segments and randomly modified node elevations. For each scenario, the Modified Elv table was converted back into a finite element mesh for use as the geometric input for TELEMAC2D. The entire process was repeated 1000 times to create model geometries for the proposed 1000 levee modification scenarios.
The TELEMAC2D model was run 1000 times, each time using one of the 1000 unique finite element meshes with the calibrated roughness parameter. Due to the computationally demanding nature of the TELEMAC2D model, a Linux cluster was used to accomplish the large number of model runs. The simulated state of the September 2006 flood at the time of the MODIS satellite overpass was derived from each of the 1000 levee crest alteration scenarios and processed further to generate the results of this study. Although the capacity of the channels in the Mundeswari River basin changes due to heavy siltation during major floods, for the current experiment we have assumed the hydraulic condition in the study area to be constant to demonstrate the effect of uncertainty in levee crest heights in a number of segments.
The relationship between individual levee segments and zones of inundation
This research also aims to identify whether height alteration of individual levee segments (when the heights of all segments are varying concurrently in a random manner) has a significant control over the variation of flood depth at particular locations. In order to accomplish this objective a statistical approach was adopted. A stepwise regression using the Stepwisefit function was devised in a Matlab environment where the randomly varying heights of the levee segments were considered as independent variables and the flood depths at each finite element node as the dependent variable. The model domain was composed of 674 901 or~0.674 million nodes. Thus, the stepwise regression was carried out 674 901 times with 14 independent variables in Matlab. The sample size was the 1000 Monte Carlo simulation of the 2006 flood event with randomly varying levee heights. The Stepwisefit function produces an output named Inmodel, in the form of a logical vector (1 for yes, 0 for no) specifying whether the variation in a particular independent variable (levee height in one segment) explains the variation in the dependant variable (flood depth at a particular node) in a statistically significantly manner. Additionally, the output of Stepwisefit contains a structure (STATS) with a field named TSTAT, which provides information about the t statistics for coefficient estimates. These two outputs were analysed to examine the relationship between the variation of levee crest heights of individual levee segments and their zones of influence in controlling the flood depth.
When the varying height of one levee segment was found to have a statistically significant relation (p ≤ 0.05) with the corresponding changing water depth at a particular computation node, that levee segment was assigned to that node. In situations where the height variation of more than one levee segment had a statistically significant relationship with the varying flood depth at a particular node, corresponding t-statistic values were compared and the node was assigned to the levee segment that reported the highest t-statistic value. The entire process was automated using Matlab. Upon finishing the computation, the finite element nodes were mapped in GIS. The nodes were imported as points with the assigned levee segment numbers and a raster was created by interpolating these segment numbers.
Consideration of the effect of dyke breaches
In addition to the levee overtopping by flood water, collapses of dykes at specific points at particular times also tend to have an impact on the spatial pattern of inundation in the floodplain. However, it is emphasized that the key aim of this work is to look into possible unintended consequences of levee height modification. Consideration of random locations and timings of dyke breaches simultaneously with scenarios involving randomly raised dyke segments may lead to ambiguous results. For example, in a random combination where a higher levee segment is also a breach location, the effect of a randomly assigned higher elevation of the levee would be negated by the release of water pressure through the breach. In order to tackle this issue, a limited experiment involving random breach of embankments on the actual terrain of the study area was carried out without any alteration of the dyke crest heights.
Number of breaches, location(s) of the breach (Fig. 5) and triggers of the breaches, such as the water level at the breaching point or particular timing of breaches irrespective of the water level, were taken into account while creating the 100 dyke breach scenarios. The parameters of these controls were drawn randomly from a uniform distribution. The scheme for creating the dyke breach scenarios is presented in the form of a flow chart in Figure 6 . The model outputs corresponding to the time step coinciding with the MODIS satellite overpass were considered for further analysis.
Results
Flooding patterns in the existing and uncertain embankment conditions
The simulated extent of inundation at the time of the MODIS satellite overpass is depicted in Figure 7 . Figure 8 shows the maximum modelled flood depth at each computation node during the entire September 2006 flood event. A close spatial correspondence between the outline of flooded areas in Figure 7 and zones of modest flood hazard, indicated by the maximum modelled flood depth of <1.39 m (Fig. 8) , was noted under the existing condition of the embankments. Figure 8 further depicts the existence of higher flood hazard zones (maximum flood depth >1.39 m) at the core of most of the flooded patches, which are surrounded by regions of relatively low flood depth (mostly between 1.40 and 3.39 m).
Uncertainty in the height of the levees led to variations in the severity of flood hazard at different portion of the floodplain. In order to visualize these variations across the model domain, differences in certain hydrodynamic variables were computed for every computational node of the model domain. These variables include (a) the probability of flooding, (b) the range of flood depth, (c) the standard deviation of flood depth and (d) the maximum magnitude of water velocity. The spatial variation in the intensity of the floodplain flow in response to varying levee heights was mapped to identify important characteristics of the flooding. A probability of flooding map (Fig. 9(a) ) was generated by computing the number of times a computational node has been flooded at a flood depth of more than 0.2 m out of the 1000 simulated scenarios. A flood depth of 0.2 m was used as the cut-off in order to qualify a node as inundated. It was assumed that less than 0.2 m depth can result from modelling error. Different measures of dispersion of flood depth, such as the range (Fig. 9(b) ) and standard deviation (Fig. 9(c) ) were also computed for the computational nodes that qualified to be considered as flooded. Finally, the maximum magnitude of velocity of flood water, recorded at each of the flooded nodes of the 1000 flood scenarios, was computed ( Fig. 9(d) ) as another key indicator of flood hazard. The calculations made for the finite element nodes, which are essentially points on the map, were stored as attributes of the points and interpolated into rasters in ArcGIS to create the maps shown in Figure 9 .
The variable "probability of flooding" indicates the susceptibility of any point in the study area to be inundated as a consequence of modifications of levee heights in one or more of the 14 levee segments. The probability of flooding map (Fig. 9(a) ) depicts three types of area on the floodplain: (a) areas that are likely to be flooded irrespective of adjustment of levee heights at different segments (dark blue), (b) areas that are not likely to be flooded as a response to differing levee heights (white), and (c) areas where the likelihood of flooding depends on the adjustment of levee height for different segments (lighter shades of blue).
Range of flood depth can be used as an indicator of the variability of flood hazard at the areas that experience flooding on at least two occasions out of the 1000 levee configuration scenarios. A comparison of Figure 9 (a) and (b) illustrates that there is significant variation in flood depth within the areas showing very high probability of inundation. This pattern emerges as a consequence of varying levee heights. It indicates that high probability of inundation cannot be used as the sole indicator of flood hazard in a scenario of uncertainty in the heights of different levee segments. One needs to consider the depth and velocity (magnitude) of the flood water to delineate hazard zones with greater confidence. Although the range of flood depth (Fig. 9(b) ) shows significant spatial variation within the inundated Figure 6 . Flowchart representing the experimental design of creating 100 random dyke breach scenarios using the TELEMAC2D model.
patches, a more comprehensive measure of dispersion, such as the standard deviation (Fig. 9(c) ), shows less variation in flood depth across the 1000 scenarios. The area west of the river island (highlighted with circles in Fig. 9(a) ) shows remarkable variability in flood depth as a response to variation in the levee heights. In general, the areas experiencing high probability of flooding also recorded more dispersion in flood depth across the 1000 synthetic scenarios. Probability of flooding, range and standard deviation of flood depths are essentially derivatives of flood depth and are likely to be strongly interrelated. Velocity of water is generally related to the depth. However, in a complex network of anabranching channels such as the Mindeswari River basin, the backwash effect of flow is considerable. Hence, a simple relationship between the depth and speed of water is unlikely to be a universal scenario. Therefore, the maximum velocity (magnitude) of water at each point for the Monte Carlo scenarios is considered to be a more independent variable to account for the variability of flood hazard in response to uncertain levee heights. Even a low probability of occurrence of very high-velocity floodplain flow in an area should be considered seriously in a framework of flood hazard assessment. Figure 9 (d) depicts isolated patches of land in the central west, southeast and southwest portions of the model domain (highlighted in circles) which recorded high-velocity overbank flows. Hence, these areas can be considered high flood hazard zones in the Mundeswari River basin.
The overall spatial pattern of flooding emerging from the dyke breach scenarios without any levee height modification was illustrated by computing the range of flood depth for the scenarios at each of the computation nodes Figure 7 . Extent of modelled inundation during the MODIS satellite overpass on 26 September 2006 derived using the unaltered levee heights and calibrated roughness coefficients for the channel and the floodplain; blue depicts inundation and brown indicates dry surface. (Fig. 10) . The effect of levee breach(es) was found to be quite localized near the central and southwest portions of the study area that exhibit higher ranges of flood depths due to variation in the number of breaches, breach locations and timings. Similar results obtained with modifying the levee heights ( Fig. 9(b) ) depicted higher ranges of flood depths covering a substantially larger portion of the model domain. It was found that~95% of the area under consideration had no changes in the probability of flooding (figures similar to the ones mapped in Fig. 9(a) ) due to the considered scenarios of dyke breaches. Differences in the probability of flooding were also negligible between scenarios involving different numbers of breaches determined randomly for each scenario.
The zones of influence of individual levee segments
In a scenario of uncertainty in the levee heights across different segments of the flood-prone reach, Figure 11 depicts portions of the inundated area that are most sensitive to the height variations of particular levee segments. It shows that changes in the heights of levee segments 5, 13 and 14 have higher overall influence on the variation of flood depths in substantial portions of the model domain. An assessment of Figures 9(a) and 11 reveals that flood depths over a considerable portion of highly flood-prone areas have no statistically significant relationship with the raising or lowering of a particular levee segment.
The results presented in Figure 11 may appear counterintuitive as the zones of influence of particular levee segments were not adjacent to them. This is especially striking for Segments 13 and 14. Nevertheless, it seems quite likely in the light of the complex hydraulic setting of the area. For example, higher elevations at Segment 14 would lead to a build-up of water at the channel leading to overbank flow further downstream south of the river island. However, low elevation at that levee segment would lead to early release of water pressure in the channel due to flooding upstream. Segments 12 and 13 had no levee originally (Fig. 1) . The heights of these two segments have been raised in a random fashion, as has been done for all other segments. For cases where the eastern bank of the channel (Segment 13) was raised much higher than Segment 12, the water flooded the lower areas of the western bank. For the scenarios where Segment 12 was considerably higher, the lowlying area adjacent to Segment 13 was inundated.
Discussion
The areas recording high maximum flood depth with the existing heights of the embankments (Fig. 8 ) also exhibited significant spatial variation in the flood hazard involving a large number of levee height alteration scenarios (Fig. 9) . However, in some areas, the zones affected by a very high maximum velocity did not closely correspond with the high maximum flood depth zones derived with the existing terrain conditions. In these cases, the velocity of water can be substantially higher compared to the depth due to better connectivity in water pathways facilitated by a particular combination of levee crest heights. The evidence of levee height alterations is quite evident in the zone west of the river island. In this zone, the standard deviation of flood depth obtained from the levee height alteration scenarios was high (Fig. 9(c) ), while the maximum flood depth derived with the prevailing levees exhibited modest variation (Fig. 8) . Interestingly, the northern portion of this zone was also consistently affected in the embankment breach scenarios, as evident from the recorded higher range (Fig. 10) . In order to ensure proper comparability between the results of embankment height alteration and dyke breaches, the results of the later scenarios were also obtained at the time of the MODIS satellite overpass. As the MODIS flyover occurred after the passage of the hydrograph peak (Fig. 3) , most of the breaches could have been triggered several hours before the model time step that was considered for obtaining the results in this study. This factor, to some extent, might have contributed to the insensitivity of dyke breaches to flood depths for a large portion of the model domain.
The key objective of this study was to illustrate the issue of uncertainty in levee height in relation to the spatial pattern of flood hazard. This investigation was not intended to analyse the effect of modifying the Figure 10 . Range of flood depths at every computational node derived from 100 random dyke breach scenarios created using unaltered levee heights.
crest heights of individual segments on the flood depth. It is not useful to undertake such analysis due to the very large number of possible combinations of crest heights. For this reason, this study created a large number of scenarios (1000) so that the combined result from these scenarios reflects the overall flood hazard pattern. An even larger number of scenarios would have been ideal for the current analysis, but these could not be generated due to constraints on our computational resources.
In the current experiment, when the elevations of the existing levees were altered randomly the intention was to use the elevation of the existing levees merely as a reference to create a scenario of levee segments with randomly assigned crest heights. The experiment did not envisage this process as lowering or raising the crest heights of the actual levees. Use of the actual levee heights from the DEM as the reference for random scenario generation helped to constrain the speculative hydraulic scenarios under realistic conditions. In this context, any reduction in the crest height of a levee segment from the reference DEM, which may appear as an unrealistic decision, ought to be merely considered as a means to generate just another new set of levee segments with randomly varying crest heights.
The statistical approach for deriving Figure 11 does not have any physical basis. One should be cautious in using this result or applying it to a different area. However, given the very large number of iterations (more than 600 000), a healthy sample size of 1000 and the physical contiguity of the zones, this result can be considered dependable. It is not within the scope of this study to provide explanations of the precise hydraulic processes that led to the spatial variations in flood depth and velocity as a consequence of different levee height scenarios. There could be complex feedback loops of build-up and release of water pressure in the channel in various places at various stages of the flood event which are nearly impossible to track. Due to this complexity arising from a large number of combinations of levee heights at various segments, the statistical approach is convenient in establishing a relationship between the flood depth at each computational node and the levee segments.
Conclusion
This paper presented a probabilistic framework for analysing the effect of modifying embankment heights at multiple segments on the inundation pattern in the floodplain. One of the limitations of this study is the consideration of one flood hydrograph or one specific flood event for deriving the results. Thus, the conclusions drawn from this experiment may not be applicable universally. Use of inflow hydrographs of various shapes and magnitude as well as snapshots of flood states taken at different stages of those hydrographs (as opposed to only one used here) may add more confidence to the conclusions derived from similar studies. However, such experiments would require substantially more computational resources.
This paper highlighted the need to consider multiple hydraulic variables to identify severe flood hazard zones when future levee crest heights are difficult to foresee. The overall results indicated that the majority of the areas falling within high flood hazard zones under the existing levees are likely to be affected in the scenarios of unpredicted alteration of embankment crest height at different portion of the embankment network. Dyke breaching may not have a sustained effect on the flooding pattern, especially during the receding limb of the flood hydrograph. Visualizing the spatial pattern of extreme flood depths and velocities arising out of a large number of levee height scenarios would enable us to identify the pockets that would be sensitive to any possible modification of the levee heights. Assuming that the levee crest heights at different segments would continue to be maintained in ad-hoc manner, often guided by local interests, it is important to shift the focus of flood mitigation towards the people living in zones that are most likely to be affected by piecemeal changes in embankment heights.
